One contribution of 18 to a theme issue 'Re-conceptualizing the origins of life'. The RNA world hypothesis simplifies the complex biopolymer networks underlining the informational and metabolic needs of living systems to a single biopolymer scaffold. This simplification requires abiotic reaction cascades for the construction of RNA, and this chemistry remains the subject of active research. Here, we explore a complementary approach involving the design of dynamic peptide networks capable of amplifying encoded chemical information and setting the stage for mutualistic associations with RNA. Peptide conformational networks are known to be capable of evolution in disease states and of co-opting metal ions, aromatic heterocycles and lipids to extend their emergent behaviours. The coexistence and association of dynamic peptide and RNA networks appear to have driven the emergence of higher-order informational systems in biology that are not available to either scaffold independently, and such mutualistic interdependence poses critical questions regarding the search for life across our Solar System and beyond.
Introduction
Two biopolymer scaffolds, proteins and nucleic acids, are responsible for sorting and processing the molecular information of living matter. This biopolymer mutualism, traced back at least to the ribosome as the critical Darwinian threshold for extant cellular life [1] , underpins the remarkable molecular complexity of our biosphere. One approach to understanding its origin would be to explore a single biopolymer scaffold responsible for both information storage and metabolic energy management. The RNA world hypothesis has been used for over 50 years [2] in an effort to uncover the molecular events that may have preceded life's central dogma. Indeed, the central role that RNA plays in information processing (e.g. messenger RNA and the ribosome) and the many metabolic cofactors of metabolism (e.g. ATP and NADH) suggest that these structures remain as molecular fossils of this earlier RNA age. However, reconstructing nucleic acid/protein networks has been challenging in a chemical evolution context [3] . From chromatin and the ribosome to messenger RNA transport in ribonucleoprotein (mRNP) granules [4, 5] throughout replication, transcription and translation, proteins are involved in every stage of RNA processing, suggesting that mutualistic networks may be necessary to access life's critical thresholds.
Curiously, proteins have recently been shown to engage in dynamic networks capable of information storage and evolutionary behaviours in the absence of nucleic acids [6] [7] [8] [9] [10] . The emerging prion hypothesis holds that protein-only infectious particles emerge and propagate through conformational templating, functioning independently of nucleic acids in informational evolutionary networks.
Prions are just one example of a large family of amyloids composed of cross-β peptide architectures able to assemble into supramolecular aggregates [11] . These aggregates maintain a wide variety of stable morphologies, including long protofibrils, robust fibres, well-defined nanotubes and dynamic particles. Once formed, the assemblies template their own propagation [12] that even has been shown to catalyse peptide formation from shorter building blocks [13] . Unlike RNA, which requires at least five nucleotides to form a functional ribozyme [14] , peptides as short as two amino acids have been shown to form stable fibres composed of cross-β sheets [15] . Amyloid assemblies are formed under a variety of conditions [16, 17] and have been suggested to be important components of simple abiotic sources leading to animate matter [18] , even preceding RNA as early catalysts in an amyloid world scenario for the origin of life [19] .
Here, we consider the chemistry of amyloid assemblies from a larger systems perspective. We describe possible selection bottlenecks and feedback loops that might lead to the diversification of fibril structures, the amplification of the catalytic repertoire and the development of new functions where amyloids form co-assemblies with small molecules and other biopolymers, including RNA. These results open new experimental opportunities and alternative physical and reaction networks that highlight previously unexplored mutualistic chemical evolution of functional order.
Creating dynamic chemical networks
The evidence from analyses of meteorites and comets [20, 21] , as well as laboratory simulations of early geological processes [22] , suggests that amino acids are common components of abiotic chemical environments. Multiple condensation pathways leading to the formation of short peptides have been established [16, 17, 23] , and the recently reported amino acid polymerization assisted by volcanic gas (carbonyl sulfide) can lead to the formation of short amyloid-forming peptides [17] . It is therefore likely that a variety of short peptides could exist in solutions or in mixtures of supramolecular aggregates of diverse abiotic environments.
Within the scenario proposed in figure 1 , the first major transition towards new more complex structures would occur when newly formed peptides assemble into β-sheets, selecting for specific peptide sequences from among mixtures in solution to partition into supramolecular aggregates. This process can take from several minutes to weeks [12, 24] and hydrolysis under a wide range of conditions [25] . The assembly rate is usually accelerated by 'seeding' the system with fragments from previously formed β-sheet structures. The sheer forces fragment less stable structures and generate more catalytic seeds. The autocatalytic efficiency of each 'seed' is affected by two primary parameters. While assembly is proportional to the rate of incorporation of monomers from solution, catalysis also correlates inversely with the stability of the formed large-scale structures. Otto and co-workers [26] have extensively studied the effect of template stability on product distribution in complex mixtures and have demonstrated that product formation is affected by the nature of the shear stress applied. Amide bonds are unstable at extreme acidic and basic pH, and their hydrolysis/condensation can be further catalysed by metal ions [27] . The instability of particular covalent bonds has long been considered disadvantageous to their potential utility in prebiotic networks [28, 29] , but recent advances in systems chemistry [30] show that an equilibrium between condensation and hydrolysis may create dynamic combinatorial networks (DCNs) [31] from which kinetic selection of amyloid-forming peptides occurs. Conditions where both condensation and hydrolysis take place, either simultaneously or in alternating steps, might occur in hydrothermal settings [32, 33] or through drying/hydration cycles [34] . Such networks may have played a foundational role in the early stages of life's origins on Earth, and provide critical signatures for alternative living chemical systems elsewhere across our Solar System and beyond (figure 1).
Peptides assembled into β-sheets are more stable towards hydrolysis than peptides in solution, and would be favoured under strongly hydrolytic conditions. Several model systems have been developed where a balance between peptide bond formation and hydrolysis results in selective amplification of peptide sequences able to assemble into supramolecular fibres and nanotubes. Pappas et al. [35] demonstrated the validity of this approach in model enzymatic systems. First, they have shown that in the presence of chymotrypsin, an enzyme that can catalyse peptide bond hydrolysis, as well as a peptide bond formation between free amino acid and dipeptides with C-terminal esters, tripeptides that form fibrils remain in solution longer than non-assembling tripeptides. Later they extended this approach to the libraries of di-and tetrapeptides in the presence of the endoprotease thermolysin, which continuously catalyses both bond formation and hydrolysis [36] . It was shown that fibril-forming peptides remain in solution as a primary reaction product, while non-aggregating peptides are continuously degraded and the component pieces recycled into the networks. Boekhoven et al. [37] have taken a similar approach and shown that under hydrolytic conditions chemical methylation of terminal carboxyls of short tri-and tetrapeptide analogues would lead to the formation of transient fibril structures. An alternative approach to further simplify yet increase the dynamic information in peptide systems is presented in figure 2 . A simple change in oxidation state to the α-amino aldehyde framework allows for reversible peptide coupling through imine condensation. Selective choice of side chains, asparagine in this case, can intramolecularly stabilize the linkage via the cyclic acetal. This two-reaction ligation allows for the creation of a DCN that is sensitive to both pH and heat, the dynamics of which can be followed by the spectroscopic signatures of the chiral acetal [38] . Figure 2 outlines the initial condensation reaction networks available to the dipeptide AsnPhe-CHO (NF-CHO) and the tripeptide Asn-Phe-Phe-CHO (NFF-CHO). Here asparagine (Asn) side-chain cyclization is designed to stabilize the intermediate imine condensation product through formation of a tetrahydro-4(1H)-(2R,6S)-4-pryrimidinone ring. Modelling of the β-sheet secondary structure and the cross-β architectures characteristic of amyloid assemblies [39] indicates that the ring linkages are accommodated within the cross-β framework. The aromatic Phe residues further stabilize inter-sheet associations with side chains arrayed on either one (NF-CHO) or both (NFF-CHO) of the sheet surfaces. Figure 3a outlines the pathway to the repetitive sequences generated in the dynamic chemical network. As with simple amyloid assembly, these oligomers also participate in granule formation, similar to those described for small peptide amyloids [24] , and figure 3b shows the liquidliquid phase changes initiated by the specific equilibrium distribution of oligomers. This multiphase dynamic coupling of chemical and physical network transitions drives the emergence of monodisperse polymer products capable of self-amplification through template-directed amyloid fibre assembly. As outlined in figure 3c, this approach exclusively produces monodisperse oligomers, H-NFpyNFpyNF-CHO or H-NFFpyNFFpyNFF-CHO where py is the pyrimidinone dynamic linkage. These fibres, displaying the characteristic amyloid d-spacing distances and ability to bind the amyloid-specific dye Thioflavin T, are selected via self-templated amplification as amyloid assemblies.
These examples suggest that a combination of non-enzymatic and abiotic bond formation and bond hydrolysis reactions, in the presence of dynamic physical phase changes, could lead to the formation of peptide supramolecular assemblies with sufficient order for the progressive growth of new functions. As for any dynamic chemical or physical network, periodic changes in the environment, ranging from changes in pH, temperature and metal ions to the total redox state of the system, could guide the formation of a variety of different products [40] , leading to wider networks of distinct amyloid assemblies which exchange building blocks via bond formation and bond hydrolysis reactions.
Acquiring new functions
As outlined in figure 1 , feedback loops are critical for the structure of chemical and biological networks, enabling amplification through positive feedback, and regulation through negative by coiled-coil peptides [42, 43] , nucleic acid analogues [44] and small molecules [45] are known. Autocatalysis of amide bond formation by native ligation in β-sheets has also been reported [13, 14] , although with low reaction efficiency when compared with non-catalytic pathways. An important consequence of autocatalysis in propagating β-sheets is chiral amplification, demonstrated by Lahav and co-workers [46] in the formation of isotactic homochiral leucine oligomers from a pool of L-and D-activated amino acids. Further exploration of different ligation chemistries for covalent coupling of amino acids that might further improve the rates of autocatalytic peptide formation is an important step in the development of pre-animate peptide networks.
By comparison, peptide bond hydrolysis represents a negative feedback loop for dynamic amyloid assemblies. A 'mutual antagonism' model, first proposed by Frank [47] to explain asymmetric catalysis, has shown that the degree of selection between two competing replicators can increase if the final product not only accelerates its own formation, but also inhibits the formation of less efficient replicators [48, 49] . An important step in this direction is the discovery of a growing number of catalytic amyloids able to catalyse bond hydrolysis [50, 51] .
Changes of local environmental conditions such as pH, redox potential, hydrophobicity and organic solvents can simultaneously affect multiple reaction pathways, leading to even more complex feedback sequences in large amyloid networks. Some early explorations of environmental changes affecting network structure have been demonstrated in coiled-coil peptide networks [43, 52] and recently evaluated for amyloid assemblies [24, 53, 54] .
In this regard, relatively simple changes in peptide sequences can direct the formation of new assemblies for emergent catalytic functions. Structural changes enabling new catalytic functions could manifest in several different forms, including: (i) covalent attachment of new functional building blocks to the core peptide sequence, (ii) non-covalent binding of small molecules, and (iii) co-assembly with or cross-seeding by different amyloid strands leading to non-uniform assemblies with sharp compositional changes. Several illustrative examples from our laboratory are shown below, based on a model system of the nucleating core of the Alzheimer's Aβ peptide Ac-KLVFFAE-NH 2 . A broader discussion of amyloid's catalysis can be found in a recently published review [55] .
Heptapeptide Ac-KLVFFAE-NH 2 (figure 4) is intrinsically disordered in solution, but capable of self-templated growth [24] and kinetic selection [12, 53] . A simple change of the terminal amino acid from the abiotically abundant glutamic acid (E) to glutamine (Q), substituting an O atom for an NH, unmasks a kinetic selection process altering the aggregation pathway [12] . Substitution of E for the neutral leucine residue (L), Ac-KLVFFAL-NH 2 , leads to a supramolecular condensation catalyst [56] . As shown in figure 4a, this peptide assembles as structurally defined 30.8 ± 3.0 nm diameter nanotubes containing anti-parallel out-of-register strands (figure 4b). This arrangement contains grooves defined by the N-terminal lysine residue (K), positioned outside the H-bonded β-sheet, serving as the walls of a hydrophobic leucine floor (figure 4c) of the nanotube surface.
Initial templating experiments focused on simple fluorescent nucleobase analogues, including the dye 6-amino-2-naphthaldehyde. As shown in figure 5a, this fluorescent substrate binds to nanotubes in sufficiently high density to undergo condensation oligomerization (figure 5b). The collinear grooves (figure 4c, expansion) which bind the naphthaldehyde run the length of the assembly, shown previously to nicely organize the amyloid-specific dye Congo red (CR) into H-and J-aggregates [57] . These binding site grooves can be modified to yield a remarkable degree of specificity in aldol reactions [56] .
Alternative approaches to the catalytic aldol condensation with amyloid assemblies involves an addition of the organocatalytic amino acid proline to the end of amyloid-forming peptide sequences, opening options for the abiotic synthesis of sugars [58, 59] . In the DCN presented earlier [38] , the catalysis of aldol condensation by external amyloid assemblies could have created a cross-catalytic positive feedback loop.
The propensity of the amyloid assemblies to bind extended aromatic molecules suggests that they may be suitable for organizing heterocyclic RNA bases, for templated polymerization, or polycyclic aromatic hydrocarbons (PAHs), as possible precursors of early redox cofactors [56] .) [60] . Further sequence modifications of the cross-beta peptides can also enable transition metal binding; the incorporation of histidine (H) at the N-terminus of the original peptide sequence leads to assemblies able to bind transition metals such as Zn 2+ and Cu 2+ , generating fibres with hydrolytic and redox-active surfaces [50, 61] . Covalent chimaeric constructs can broaden the diverse landscape of supramolecular surface patterning. Peptides acylated with fatty acids at their N-terminus accommodate the alkyl chain into the β-sheet assemblies and significantly expand the cross-β laminate spacing [62] . Carboxylic acid-functionalized aromatic dyes can extend from the N-terminus to create light-harvesting antenna [63] [64] [65] for redox electrochemical gradients across the self-assembled structures. More complex assembly schemes generated asymmetric peptide bilayer nanotubes with the outer surface containing exclusively negatively charged phosphorylated tyrosine and the inner surface exclusively positively charged lysine [66] . The high-density positively and negatively charged surfaces separated by 4 nm provide unique self-assembling electrochemical gradients with the potential for energy storage and generation of stable redox gradients. The use of electrochemical energy in peptide-and RNA-based alternative biochemistry scenarios remains largely unexplored and generation of peptide libraries under redox control is a promising direction in this emergent field.
Steps towards polymer mutualism
The rich diversity of biopolymer scaffolds, from lipids to carbohydrates and proteins to nucleic acids, when combined with the rich chemistry they manage in life's environmentally responsive chemical networks, is awe-inspiring. Even more remarkable is the mutual interdependence of these biopolymers in extant biology and biochemistry. For example, it is the intricate macromolecular network connecting RNA synthesis to the nucleic acid-processing proteins that underpins the spatio-temporal regulation of cellular information flow [1] . This network is significantly expanded by the observation that many of the proteins and peptides involved in mRNA information processing show a strong propensity for self-aggregation [1, 4, 6, 67] . not yet demonstrated for the dynamic networks outlined here, the use of one self-assembling polymer surface to template the synthesis of another polymer may represent the next level of self-organizing feedback required to move from these pre-animate systems along a pathway to the complex chemistries of living matter. Certainly the enhanced catalysis of diphenylalanine synthesis, a versatile core of many amyloid sequences, by very short oligo-RNA sequences as demonstrated by Yarus and co-workers [14] , provides an initial entry into the mutualism of the RNA and amyloid scaffolds. The recently demonstrated catalytic effect of polylysine on RNA replication [68] suggests yet another example of possible RNA-peptide mutualism.
We have recently shown that positively charged peptide Ac-KLVIIAG-NH 2 co-assembles with RNA or polyphosphates (figure 6). Polyphosphates can be formed by high-temperature melting of phosphate salts and has been suggested as an early high-energy precursor for ATP [69, 70] . Polyphosphates are also able to form simple ion-gated channels across model membranes in the presence of polyhydroxybutyrate [71] , another possible abiotic polymer. Cyclic hydrolysis products of polyphosphate, known as trimetaphosphate, have been shown as an effective phosphorylating agent for amino acids and for diol groups of sugars [72] [73] [74] . These results suggest that the appearance of self-replicating amyloid polyphosphate assemblies might catalyse the incorporation of phosphate-activated metabolic reactions, as an early abiotic transition to the digital molecular information networks represented by RNA.
Alternative chemistries of life
It is often argued that the emergence of informational templates serves as critical first steps in the self-organizing processes required for chemical evolution. This review contextualizes recent experiments that leverage specific chemical reactions relevant to extant biochemistry as being coupled through the physico-chemical phase behaviour of amyloid networks. The demonstration of amyloids as supramolecular templates for the creation of another synthetic polymer represents the molecular mutualism that has been labelled as the Darwinian threshold of cellular life [1] . These chemical/physical networks then define an approach for creating new approaches to alternative polymer mutualisms able to exploit different environments with different energy sources [3] . Such expansions of the central dogma of extant biochemistry may well lead to new applications for orthogonal polymer networks, as well as searches for an expanded set of signatures for diverse chemical evolution strategies across our planetary and exoplanetary realms.
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